Uropathogenic Escherichia coli (UPEC)-associated epididymitis is commonly diagnosed in outpatient settings. Although the infection can be successfully cleared using antimicrobial medications, 40% of patients unexplainably show persistent impaired semen parameters even after treatment. Our aim was to investigate whether pathogenic UPEC and its associated virulence factor hemolysin (hlyA) perturb the structural and functional integrity of both the epididymis and sperm, actions that may be responsible for the observed impairment and possibly a reduction of fertilization capabilities. Semen collected from patients diagnosed with E. coli-only related epididymitis showed that sperm counts were low 14 days postantimicrobial treatment regardless of hlyA status. At Day 84 following treatment, hlyA production correlated with approximately 4-fold lower sperm concentrations than in men with hlyA-negative strains. In vivo experiments with the hlyA-producing UPEC CFT073 strain in a murine epididymitis model showed that just 3 days postinfection, structural damage to the epididymis (epithelial damage, leukocyte infiltration, and edema formation) was present. This was more severe in UPEC CFT073 compared to nonpathogenic E. coli (NPEC 470) infection. Moreover, pathogenic UPEC strains prematurely activated the acrosome in vivo and in vitro. Raman microspectroscopy revealed that UPEC CFT073 undermined sperm integrity by inducing nuclear DNA damage. Consistent with these observations, the in vitro fertilization capability of hlyA-treated mouse sperm was completely abolished, although sperm were motile. These findings provide new insights into understanding the possible processes underlying clinical manifestations of acute epididymitis.
INTRODUCTION
Male urinary tract infections (UTI) have been linked to impaired reproductive function, responsible for 815% of male infertility cases [1] . Uropathogenic Escherichia coli (UPEC) has been identified as the causative agent in more than 60% of UTIs [2] . Epididymitis is often the consequence of ascending bacterial infection from the urinary tract [3] . The European Association of Urology (EAU) recommendation of treatment with antibiotics usually results in the clearing of the infection within two weeks but fertility problems can remain. To date no extensive characterization of E. coli strains associated with clinical epididymitis has been conducted. This is surprising given that approximately 40% of unilateral acute epididymitis patients show persistently impaired semen parameters despite successful antimicrobial treatment [4] .
In order to successfully colonize and persist within the genitourinary tract, UPEC secrete numerous virulence factors such as hemolysin (hlyA) [5, 6] , a member of the ''repeat-in toxin'' (RTX) family of calcium binding and pore-forming toxins that modifies cell signaling and survival [2, 7, 8] . HlyAproducing UPEC strains have been associated with tissue damage and in severe cases the development of pyelonephritis [9, 10] . Epidemiological studies have correlated hlyA production with the successful pathogenesis of UPEC in UTIs [11] , a finding corroborated by our recent study that evaluated urine samples from epididymitis patients and showed that 50% of UPEC related cases involved a hlyA-producing strain ( [12] and unpublished data). UPEC strains attenuate host inflammatory responses in bladder epithelial and testicular cells by suppressing cytokine production [12] [13] [14] . In contrast, experimental in vivo epididymitis increases cytokine production and leukocyte recruitment [15, 16] . Leukocytes under inflammatory conditions augment levels of reactive oxygen species (ROS) in seminal fluid as a means of eliminating invading pathogens [17, 18] . Small amounts of ROS are necessary for sperm motility, maturation, capacitation, acrosome reaction, and fertilization [19, 20] . However, excessive production is associated with decreased sperm motility, nuclear DNA (nDNA) damage, and hence male infertility [21] [22] [23] .
Given that men who are associated with hlyAþ UPEC appear to have impaired semen parameters for up to 84 days following treatment, the aim of this study was to use murine experimental models to evaluate the potential consequences of UPEC infection and hlyA production on epididymal and sperm integrity. Together with established techniques, we employed Raman microspectroscopy for the identification and characterization of sperm nDNA damage [24, 25] . This technique, a combination of Raman spectroscopy and confocal microscopy, is based on the principle of inelastic scattering that results from the interaction between light and matter. The unique pattern of changes in the vibrational state originating from each molecule and its environment provides a specific spectrum. This chemical ''fingerprint'' can be used to identify and characterize biomolecules, cells, or tissues. In conjunction with Raman spectroscopy, the mouse model of human in vitro fertilization (IVF) was employed to investigate implications of hlyA on the functional integrity of sperm.
MATERIALS AND METHODS

Patients and Semen Analysis, Human Ethics Approval
Seven men of reproductive age (median: 31 yr; range: 19-47 yr) suffering acute unilateral E. coli-related epididymitis gave written informed consent prior to inclusion in the study. For selection criteria of patients included in this study, refer to Supplemental Figure S1 (all Supplemental Data are available online at www.biolreprod.org). All participants were recruited into the Giessen Epididymitis Study (institutional review board no. 100/7, German Clinical Trials Register no. DRKS00003325) and clinically managed as outpatients by the Department of Urology, Pediatric Urology and Andrology, Justus-LiebigUniversity. Following the EAU recommendations, all received Levofloxacin 500 mg/day for 10 days. Paired semen samples, 14 and 84 days after treatment, were collected, and sperm concentration was evaluated according to World Health Organization [26] recommendations. Standard urine cultures and species-specific PCR amplification for Mycoplasma genitalium, Chlamydia trachomatis, and Neisseria gonorrhoeae were conducted to exclude concomitant UTI with sexually transmitted pathogens. Isolated E. coli strains were plated for 24 h on blood agar plates and classified as hemolytic or nonhemolytic. Following approval of the institutional review board (institutional review board no. 32/11), 39 healthy men (median: 29 yr; range: 20-37 yr) were recruited from May 2011 to November 2011 as controls. Written informed consent was obtained from all subjects.
Mice, Animal Ethics Approval
Adult 10-wk-old inbred C57BL/6N mice were purchased from Charles River Laboratories. All studies were endorsed by the Animal Ethics Committee of the Regierungspraesidium Giessen (permit no. GI 20/23-No. 16/2009 ).
Bacterial Strains and Propagation
HlyA-producing E. coli strains UPEC CFT073 (human pyelonephritis) [27] and FOS 22 (EPI 300-T1 R transduced to express hlyA) were employed as previously described [12] . Nonpathogenic E. coli strains NPEC 470 (human commensal) and EPI 300-T1 R (Epicenter Biotechnologies) [28] were used as controls. All strains were propagated in LB medium overnight as previously described, and the concentration of bacteria was calculated using a standard growth curve [12, 29] . For use in vitro, E. coli were prepared at a multiplicity of infection of 10 in 10 ml of Dulbecco modified Eagle medium, while E. coli for use in vivo were prepared in PBS.
Establishment of the In Vivo Murine Experimental Epididymitis Model
UPEC CFT073 and NPEC 470 overnight cultures were prepared in PBS as stated above. Five microliters of suspension containing 40 000 bacteria were injected into each vas deferens of mice, close to the epididymides, as previously described [30] . Three days postinfection, the epididymides were removed. One was snap frozen in liquid nitrogen and stored at À808C for mRNA extraction and immunohistochemistry. The other was fixed in Bouin solution for histological assessment. The success of infection was evaluated macroscopically by the redness of the organ and subsequently by histology and immunofluorescence localization of bacteria (see Supplemental Methods).
Histology and Immunofluorescence Staining
Sections of paraffin-embedded epididymides (minimum of three per mice per group) were stained with hematoxylin and eosin. For immunofluorescence staining, frozen cryosections were fixed with acetone and methanol. Following rehydration in PBS, sections were blocked with 2% normal goat serum for 1 h. Primary antibodies against occludin (Invitrogen; dilution 1:200) and a-smooth muscle actin (Sigma; dilution 1:2000) were diluted in PBS/2% BSA/0.1% NaN 3 for 4 h. Secondary antibodies for detection of occludin (Alexa goat-antirabbit Fluor 488, Invitrogen; dilution 1:500) and smooth muscle actin (Cy3-conjungated goat-anti-mouse IgG; Jackson; dilution 1:500) were incubated for 2 h. The medial cauda segment was selected for imaging. Images were captured with Axioskop 2 (Carl Zeiss).
Testosterone Assay
On sacrifice, blood was collected from mice injected with PBS (n ¼ 5), UPEC CFT073 (n ¼ 9), and NPEC 470 (n ¼ 3). Samples were assayed by radioimmunoassay in duplicate for serum testosterone as previously described [31] . The intra-and interassay coefficients of variation were 8% and 9%, respectively.
RNA Isolation and Quantitative Real-Time PCR Analysis
Total RNA was extracted from PBS (n ¼ 5), UPEC CFT073 (n ¼ 9), and NPEC 470 (n ¼ 3) infected frozen epididymides using the RNeasy Mini Kit (Qiagen) with DNase digestion according to the manufacturer's protocol. The cDNA was prepared from 1 lg total RNA using the M-MLV Reverse Transcription protocol (Promega). Quantitative real-time PCR analyses were performed on triplicate samples with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) using the iCycler iQ system (Bio-Rad). Spag11b expression was normalized to the housekeeping gene b-actin. Data acquisition and analyses were performed with Bio-Rad iQ5 (ver. 2.1) software. Relative expression was calculated by the comparative Ct method as previously described [32] . Primer sequences are provided in Supplemental Table S1 .
Acrosomal Assessment of Sperm In Vitro and In Vivo
Single epididymides from six mice were placed into wells containing 500 ll of human tubular fluid medium (Irvine Scientific), cut into four to five pieces to allow sperm to swim into solution, then incubated at 378C/5% CO 2 for 15 min. Sperm were either left untreated or incubated with E. coli strains (500 000 per well) for 3 h. Fifty microliters of the sperm suspensions were then smeared onto SuperFrost slides (Menzel-Gläser), air-dried, and fixed, and the acrosome was stained using the Spermac kit as per the manufacturer's instructions (Minitüb).The acrosomes of 200 randomly selected sperm per sample were assessed on duplicate slides. Similar processing and assessments were conducted on samples from the in vivo experiments.
Sperm Isolation for Raman Microspectroscopic and Flow Cytometric nDNA Analysis
Sperm were isolated at Day 3 postinfection from untreated (n ¼ 5), PBS (n ¼ 5), and UPEC CFT073 (n ¼ 4) injected mice as described above. After washing (1000 rpm for 10 min at room temperature) and the removal of the media, the sperm were resuspended in 100 ll of PBS. Sperm counts were determined using a Neubauer hemocytometer and the samples frozen in liquid nitrogen and stored at À808C. For the Raman assessments, sperm were streaked onto suprasil slides and air-dried.
Flow Cytometry
Flow cytometric acridine orange test (FCAOT) was conducted as previously described [33] . Fluorescence data were acquired using a Cytomics FC 500 (Beckmann Coulter) from a total of 5000 sperm per sample and collated using the CXP Cytometry List Mode Data Acquisition & Analysis Software CXP Cytometer 2.2. Results were expressed as DNA fragmentation index (DFI) (FCS Express ver. 3.0 Research Edition).
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Confocal Raman Microspectroscopy
A LabRAM Aramis confocal Raman system (HORIBA Jobin Yvon S.A.S.) was used as per our previously optimized method [24, 25] . To characterize sperm nDNA damage, single-point scans (two acquisitions, 30 sec each) centered on the anterior head region were taken on 200 randomly chosen sperm per sample. To localize structural perturbations, dual scan macromappings (one reading every 100 nm; two acquisitions, 5 sec each) were performed across the head and mid-piece of 10 sperm per sample.
Spectral Analysis
Using LabSpec 5 Software (ver. 2.02, 2010) for single-point spectral analysis, high background was subtracted by baseline correction, and spectra were smoothed (enhancing quality without losing spectral information) with a noise reduction algorithm. Baseline was set to zero, and spectra were normalized by setting the maximum intensity signal to 100. Peak assignments were based on the attributions of Huser et al. [34] and Meister et al. [35] .
Numerical Analysis
Using our previous findings regarding DNA damage [24, 25] , a quotient of the 1092 cm À1 and 1055 cm À1 peak was formed from the single-scan spectrum of each sperm in all groups. Sperm were considered damaged if the quotient exceeded a fixed threshold, which was determined such that the estimate for untreated sperm matched the FCAOT value. For macromappings, spectra were filtered with discrete cosine transformation and the first three cosine modes eliminated for background correction. After normalization in the Euclidean norm, kmeans cluster analysis was conducted with each cluster assigned a different color for ease of recognition. Computations were performed using MATLAB (R2010a).
Mouse Model of Human In Vitro Fertilization and Embryo Development
Sperm from the cauda epididymis of mature male mice (n ¼ 6) were isolated by swim-up in 500 ll of Whittingham medium (3% BSA, fraction V). In order to investigate the effect of hlyA on sperm motility, the two caudae epididymis of each male were processed in parallel using medium added with purified hlyA (164 ng; kind gift from Dr. Vanesa Herlax, Argentina) or with PBS. Following 40 min swim-up, 100 ll were collected from the upper layer of each swim-up suspension. Sperm concentrations were measured in a Neubauer counting chamber and comparatively analyzed. To further investigate the effect of hlyA on the fertilization ability of sperm, 100 ll of sperm suspension were split and divided into two 50-ll insemination drops under oil overlay. Sperm concentration was adjusted to 2 3 10 6 /ml. One insemination drop was treated with purified hlyA as described above, the other with PBS. Fertilization drops were incubated for 1 h and 45 min before adding metaphase II oocytes of B6C3F1 mice. Following 3 h of coincubation, the oocytes were removed and cultured in alpha-MEM medium as described [36] . Second polar body extrusion and four-cell and blastocyst rates were scored on Days 1, 2, and 4, respectively. To assess embryo toxicity, fertilized oocytes were recovered from oviducts of B6C3F1 females mated to CD1 males and cultured in alpha-MEM medium supplemented with purified hlyA (164 ng). Four-cell and blastocyst rates were scored on Days 2 and 4, respectively.
Statistical Analyses
Analyses of non-Raman data were performed using GraphPad Prism (ver. 4.0) software. One-way ANOVA followed by the Bonferroni multiple comparison test or Student t-test was utilized where deemed appropriate; P 0.05 was considered statistically significant. For IVF experiments, analyses of mouse sperm counts after swim-up and mouse developmental rates were performed by two-tailed paired t-test and chi-square, respectively, according to Bailey [37] .
RESULTS
Men Diagnosed with Epididymitis Associated with hlyAþ UPEC Strains Remain Clinically Subfertile Up to 84 Days Following Treatment
No significant difference in sperm concentration was observed in patients regardless of UPEC strain 14 days following antimicrobial treatment (Fig. 1) . At Day 84 posttreatment, men infected with hlyAÀ strains, on average, had sperm concentrations approximately 4-fold higher than those with a hlyAþ UPEC-associated infection. Furthermore, men diagnosed with hlyAþ UPEC strains still showed signs of inflammation at Day 14 postantimicrobial treatment, indicated by the significant increase in peroxidase-positive leukocytes in their semen (Table 1) .
UPEC Induce Histopathological Changes and Promote Leukocyte Infiltration During Acute Epididymitis in the Mouse
Three days postinfection of mice, redness of epididymides was found to be indicative of histopathological alterations in the organ. Immunofluorescence analysis of epididymal sections localized bacteria predominantly in the epididymal lumen with no signal in the interstitial space (Supplemental Figure S2) . UPEC-infected mice showed swelling within the interstitial space as a result of higher numbers of inflammatory infiltrates and edema formation (Fig. 2F) . Closer examination revealed epithelial damage in UPEC-infected epididymides indicated by a loss of stereocilia (Fig. 2I ) and a disrupted, patchy staining of the tight junction protein occludin (Fig. 3, C, F, and I) . In contrast, epididymides injected with PBS and NPEC 470 showed normal histology and epithelial morphology (Figs. 2  and 3 ).
Serum Testosterone Levels Are Reduced and Spag11b Gene Expression Is Significantly Suppressed as a Consequence of Infectious Epididymitis
Androgen-dependent epididymal-specific peptide, spermassociated antigen 11b (Spag11b also known as Bin1b) is involved in host defense and sperm maturation [38, 39] . Its UROPATHOGENIC E. COLI COMPROMISES SPERM FUNCTION level of expression is indicative of androgen variations. Three days postinfection, serum testosterone levels were significantly lower in both UPEC CFT073 and NPEC 470 strains compared to PBS-injected mice (Fig. 4A) . The lack of androgens correlated with significantly reduced Spag11b gene expression (Fig. 4B) .
HlyA Production Is Associated with the Premature Acrosome Reaction in Mouse Sperm In Vivo and In Vitro
Infection of mouse sperm with E. coli strains UPEC CFT073 and FOS 22 (EPI 300-T1 R transduced to express hlyA) in vitro resulted in significantly higher numbers (approximately 2-3-fold) of acrosome-reacted sperm compared to infection with the nonpathogenic strains NPEC 470, EPI 300-TI R , or the untreated control (Fig. 5A) . The suggestion that HlyA may possibly be the causative agent was substantiated by the finding that the number of acrosome-reacted sperm following infection with FOS 22, when compared to the nonpathogenic wild-type strain EPI 300-TI R , was significantly increased (approximately 2.5-fold). In vivo experiments corroborated in vitro studies by showing that mice inoculated with UPEC CFT073 displayed increases of similar magnitude in the number of acrosome-reacted sperm compared to PBSinjected animals (approximately 2-fold) ( Figure 5B). LANG ET AL.
UPEC Causes Sperm nDNA Damage In Vivo
The percentage of nDNA fragmented sperm from PBSinjected animals (;10%) was similar to untreated mice as measured by FCAOT (Fig. 6) . UPEC CFT073-infected mice had a significantly higher (;3-fold) mean percentage of nDNA-damaged sperm compared to both control groups (Fig. 7) . Raman microspectroscopic analysis corroborated these findings, as spectral shifts in the infected sperm were commensurate with nDNA damage (Fig. 6) , namely, differences in peaks at 980, 1250, 1483, and 1666 cm À1 (corresponding to perturbations in the vibrations of the deoxyribose moiety, adenine and cytosine, adenine and guanine, and all four nucleotides, respectively [34] ). The main changes found were an increase of the 1055 cm À1 peak (indicative of DNA PO 4 backbone damage) [24, 25] and an increase in the 1575 cm À1 peak, a shift suggestive of 8-oxoguanosine [38] (i.e., the most common DNA lesion resulting from oxidative stress). Quotient analysis showed that UPEC caused an approximate doubling of nDNA-damaged sperm (Supplemental Figure S3) , a finding similar to FCAOT. Macromapping clustering analyses (i.e., the grouping together of identical spectra from the 200 taken across the head region of each sperm) identified changes in nDNA distribution and quantity and evidence of protein sloughing, substantiating the view that the bacteria undermined numerous aspects of sperm structure (Fig. 8) . Specifically, the analyses showed that the infection undermined protein cohesion, resulting in slivers of the nuclear envelope to be excised from the retaining membrane. Concurrently, there was a diminution of the region containing dense intact nDNA, indicative of the increasing level of fragmented nDNA. In one instance, two regions of foreign (similar but not identical to mitochondrial) DNA were identified in an area of sperm nDNA next to a fragment of sloughed protein. The corresponding region of the micrograph indicated an area outside the focal plane measuring approximately 1.4 3 1.8 lm, dimensions within the size range of E. coli [40] . The size, number and Raman profile of these DNA clusters suggest the presence of either two bacteria or a replicating cell on or within the sperm. Admittedly, this may be a chance occurrence; however, it is interesting to note that sperm infected with another strain of E. coli also showed close proximity of the bacteria to the sperm head [41] .
HlyA-Treated Sperm Abolishes Blastocyst Formation in Mice
Exposure of B6C3F1 metaphase II oocytes from mice to hlyA during in vitro insemination with CD1 sperm (3 h) prevented second polar body extrusion, cleavage, and subsequent embryo formation. Of 136 inseminated oocytes from the hlyA-treated group, none formed blastocysts (Table 2 ). This is in contrast to 60 out of 86 oocytes forming blastocysts in the untreated group (chi-square test, P ¼ 4.045E-30). To determine if hlyA affected sperm motility, thus preventing fertilization, sperm swim-up was performed in the presence and absence of hlyA. The number of sperm retrieved following hlyA treatment, 7.29E5 6 6.29E5 sperm/ml, was comparable to control sperm, 5.00E5 6 3.02E5 sperm/ml, indicating no change to sperm motility. Furthermore, no toxicity to oocytes was observed, as exposure to hlyA resulted in 40 of 43 oocytes forming blastocysts when compared to 43 of 46 oocytes in the control group (chi-square test, P ¼ 0.9318). 
UROPATHOGENIC E. COLI COMPROMISES SPERM FUNCTION
DISCUSSION
Epididymitis is a common urological disease affecting men between the ages of 18 and 50, the main reproductive years [4, 42] . Although the causative agents vary, UPEC strains are common in prostatitis and epididymitis [4, 12, [43] [44] [45] .
FIG. 4. Serum testosterone concentration and
Spag11b expression is significantly reduced in mice following infection with E. coli. Serum was collected at Day 3 postinfection from mice infected with PBS, UPEC CFT073, or NPEC 470. A) Circulating testosterone in serum was measured by radioimmunoassay. Samples were assayed in duplicate. B) Whole epididymides were also collected, and quantitative real-time PCR was performed to determine Spag11b gene expression. Data are presented following normalization to b-actin. Statistical analysis was performed using one-way ANOVA as means 6 SEM with **P 0.01, ***P 0.001, and ND ¼ no detectable expression. Results are representative of pooled data collected from at least three mice per treatment group. FIG. 5. HlyA-producing E. coli strains prematurely induce the acrosome reaction in sperm in vitro and in vivo. Epididymides were collected from 10-wk-old mice. A) For each replicate, a single epididymis was sectioned, allowing sperm to be released into culture medium. Sperm were either left untreated or incubated with UPEC CFT073, NPEC 470, EPI 300-T1 R , or FOS 22 for 3 h at 378C. B) Untreated, PBS-, or UPEC CFT073-treated mice were sacrificed at Day 3 following infection. Sperm were collected and air-dried onto slides for acrosome assessment by Spermac staining. Counts were performed on duplicate slides. Statistical analysis was performed using one-way ANOVA with **P 0.01 and ***P 0.001. Results represent pooled data from four independent experiments.
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Approximately 60% of acute epididymitis patients display a temporary spermatogenic impairment [46] . Despite this high incidence, there is a paucity of research on the long-term effects of epididymitis on fertility [4] . Within the literature, it has been described that urogenital tract infection and inflammation correlate with decreased semen volume, a finding also evident in this study [47] . However, prior to this study, few have investigated pathogen-specific effects on semen quality and none the role of virulence factors on semen quality. Sperm concentrations can improve following antibacterial treatment; however, in approximately 30-40% of cases, men remain oligozoospermic for up to 24 mo [48, 49] . It is currently unknown why sperm concentrations are adversely affected as a consequence of unilateral epididymitis. Possible causes include ductal obstructions or permanent impairment of spermatogenesis caused by pathogen virulence factors. The clinical aspect of this study is limited by the scarcity of patients who have been diagnosed with E. coli-only related epididymitis. Although our data suggest that hlyA may influence the fertility potential of men in the long term, to conclusively address this question, larger numbers of patients would be required for assessment. In addition, it would be necessary to evaluate conventional sperm parameters at longer time points following antimicrobial treatment. However, to definitively answer the question of whether the hlyA status of UPEC influences fertility potential of men, a long-term study evaluating pregnancy rates from men who have previously been diagnosed with unilateral epididymitis would be required. Histopathological findings and occludin immunofluorescence from our murine experimental epididymitis model show that UPEC compromises the integrity of the epididymal epithelium and its barriers more drastically following hlyAþ (CFT073) infection than in NPEC 470-infected mice. This substantiates earlier data from Lucetta et al. [50] , who found that toxins produced by E. coli caused alterations in epididymal structural integrity in a model similar but not identical to ours. Our in vitro studies showed that the effects of hlyAþ strains go beyond mere structural damage of the epithelium and cause significantly higher percentages of acrosome-reacted sperm (50-80%) compared to hlyAÀ strains (25-35%). These actions UROPATHOGENIC E. COLI COMPROMISES SPERM FUNCTION cannot be attributed to simple bacteria-sperm interaction, as hlyAÀ strains did not affect acrosomal status even after 3 h of incubation. This finding suggests that hlyA may be a causative factor given findings that sperm from animals infected in vivo with CFT073 also possessed high rates of premature acrosomal loss. To breach the zona pellucida, the acrosome must release its enzymic contents at the appropriate moment, an action dependent on the influx of extracellular calcium in a process similar to regulated exocytosis [51] . HlyA is a self-assembling virulence factor that inserts itself into the plasma membrane of cells, forming a transmembrane pore that can act as a portal for calcium influx. Depending on the concentration, hlyA can trigger calcium-dependent signaling or ROS production or lead to cell membrane rupture due to uncontrolled osmotic swelling [8, 13] . Our observations in the mouse model of fertilization and development complement the concept that hlyA affects the integrity of the cell membrane and acrosome of sperm, thereby impeding fertilization. This is substantiated by observations that hlyA does not affect sperm motility and is not embryotoxic, yet it abolishes at least one of the steps in the fertilization process as tested in vitro. We hypothesize that this is likely to be the step of sperm-oocyte membrane interaction (i.e., prevented by premature acrosome reaction). Interestingly, Raman microspectroscopic findings demonstrated that UPEC infection also damages sperm nDNA integrity, indicating that the effect of the infection goes beyond just subverting FIG. 8 . Clustering analysis of Raman mapping confirmed changes in nDNA following UPEC infection. Hyperspectral representation of the constituents of the sperm head with each component being color coded based on their spectral profile. Clusters of spectra associated with nDNA (green and blue) were found to vary in both distribution and thickness between uninfected (A) and UPEC damaged (B) sperm. The infected sperm also showed regions where protein (brown) had been sloughed off the periphery of the head. Three areas of mitochondrial (aqua)-like DNA were found, one as expected in the midpiece and, in one instance, two in the apical region of the sperm head. Examination of the associated micrograph (insert) showed that this region with the two mtDNA-like clusters corresponded to an out-of-focus area (yellow circle) approximately the size of two bacterial cells. Orange clusters represent the spectra of suprasil slide. The green and blue boxes show the approximate region of mapping, and the red bars equate to 2 lm. fertilization and may also influence its outcome. Sperm nDNA damage does not affect fertilization per se but is crucial for embryo quality and implantation and is associated with increased miscarriage rates and possibly some severe childhood illnesses [52, 53] . Hence, increased numbers of nDNAcompromised sperm and the level and extent of the fragmentation observed suggest that the consequences of UPEC infection may also exert a detrimental influence on pregnancy. The mechanism of how UPEC causes sperm nDNA damage remains unknown; however, our finding of 8-oxoguanosine may provide a clue. Currently, sperm nDNA fragmentation is thought to be the result of oxidative stress due to ROS production. As 8-oxoguanosine is the main lesion resulting from ROS attack, this suggests that the nDNA damage seen after UPEC infection is also oxidative in nature. Epididymal function also relies on the availability of androgens [54] , which, if depleted, result in a loss of epididymal weight and sperm within the lumen [55] . In our studies, we observed a significant decrease in serum testosterone at Day 3 postinfection regardless of E. coli strain. This suggests that during acute phases of epididymal infection, disturbance to the testis' endocrine milieu causes a downregulation of testosterone production, a finding mirrored by decreased expression of androgen-dependent, antibacterial Spag11b in the epididymis. It is well established that systemic and local infection/inflammation are known to inhibit gonadal steroidogenesis [56] . Previous studies have demonstrated that immune activation in response to lipopolysaccharide results in reductions in serum testosterone, and this is a direct effect on the Leydig cell, even if infection occurs outside of the testis [56] . Mechanistically, cytokines and ROS have been found to lead to perturbation of Leydig cell mitochondria and an inhibition in steroidogenesis [57] . Depletion of Spag11b and other epididymal peptides may serve a functional purpose, as removing antibacterial factors increases the chances of successful colonization within the epididymis [58] .
In summation, we provide evidence suggesting that the production of hlyA by pathogenic UPEC contributes to diminished epididymal and sperm integrity. Our findings provide novel insights into impairment of male factor fertility following pathogenic UPEC-related epididymitis. Regardless of strain, in men E. coli-associated epididymitis reduces fertility in the short term. In the long term, even after successful antimicrobial treatment, recovery of sperm maturation, integrity, and function appears to be dependent on pathogen-specific properties. Understanding how pathogenic and nonpathogenic E. coli strains affect sperm integrity may provide insight into how and why some men following E. colirelated epididymitis show prolonged reduced fertility potential.
